Abstract: The purposes of the present study were to differentiate the effects of pre-surgery treatment with risedronate and post-surgery treatment with a reduced dosing frequency of risedronate on trabecular bone loss in ovariectomized rats and to determine whether postsurgery treatment with a reduced dosing frequency of risedronate would have a beneficial effect on trabecular bone loss after pre-surgery treatment
Introduction
The efficacy of a bisphosphonate (an anti-resorptive drug), risedronate, for postmenopausal osteoporosis has been established: risedronate reduces the incidence of vertebral and nonvertebral fractures in postmenopausal women with osteoporosis [3] . Recently, however, it has been reported that suppressed bone turnover by long-term treatment with high-dose risedronate increased microdamage accumulation in the dog rib [11] , suggesting long-term and/or high-dose risedronate treatment may deteriorate bone quality through microdamage accumulation. Thus, long-term treatment with risedronate in postmenopausal women with osteoporosis may potentially deteriorate bone quality, although the 7-year effect of risedronate in preventing vertebral fractures has been reported [12] . Strategies to avoid the potential complications of long-term risedronate treatment need to be established.
Rapid bone loss has been reported to be seen during the transitional period beginning 2-3 years prior to the onset of menopause, and premenopausal impairment of ovarian function has been reported to induce bone loss [7, 8] . Therefore, some treatment prior to menopause should be considered.
From these points of views, it would be of interest to clarify whether risedronate treatment prior to menopause and long-term treatment with a reduced dose or dosing frequency of risedronate after menopause could be strategies for preventing bone loss and maintaining both the efficacy and safety of risedronate in women. Thus, the present study was designed to differentiate the effects of pre-surgery treatment with risedronate and post-surgery treatment with a reduced dosing frequency of the drug in ovariectomized rats, and to determine whether post-surgery treatment with a reduced dosing frequency of risedronate would have a beneficial effect on trabecular bone loss after adequate pre-surgery treatment with risedronate. ml of sterile saline and administered subcutaneously five times a week at a dose of 2.5 µg/kg body weight, and during the 2 weeks after surgery, the dosing frequency was reduced to twice a week. The dose of risedronate was determined in accordance with previously published data [10] . Because subcutaneous administration of risedronate at the doses of 1 µg and 5 µg per kg body weight twice a week for 60 days effectively and similarly increased cancellous bone mass of the proximal tibial metaphysis in old rats, 2.5 µg/kg body weight was adopted as the dose of subcutaneous administration of risedronate in the present study. The body weight of the rats was monitored weekly. The long-term experiment had the same design as the shortterm one, except that the post-OVX treatment was 6 weeks.
The study was carried out at Texas Tech University Health Sciences Center and the animals were maintained according to the National Institutes of Health (NIH) Guidelines for Care and Use of Laboratory Animals. All animal protocols were approved by the Laboratory Animal Care Committee of Texas Tech University Health Sciences Center.
Preparation of specimens
All rats were labeled with 10 mg/kg of calcein (Sigma Chemical, St. Louis, MO, USA) injected intramuscularly 10 days and 3 days before they were sacrificed.
The animals were anesthetized with ketamine (80 mg/ kg) injected intraperitoneally, together with xylazine (12 mg/kg), and sacrificed by exsanguination. The right femurs and the right tibiae were collected.
The femurs were used for the measurement of bone area, bone mineral content (BMC) and bone mineral density (BMD), as described below. The tibiae were used for the static and dynamic bone histomorphometric analyses. The bones were fixed overnight in 40% cold ethanol, and then cut into three parts using an Isomet saw (Buehler, Lake Bluff, IL, USA). The proximal tibial metaphysis and tibial diaphysis with the fibular junction were stained with Villanueva Osteochrome Bone Stain (Polyscience, Warrington, PA, USA) for 5 days. The specimens were then dehydrated sequentially in ascending concentrations of ethanol (70%, 95%, and 100%) and xylene and then embedded in methyl methacrylate (EM Science, Gibbstown, NJ, USA) at 4°C, in accordance with the method of Erben [4] . Cross-sections of the tibial diaphysis just proximal to the tibiofibular junction were sectioned at 40 µm thickness using a diamond wire Histo-Saw machine (Delaware Diamond Knives, Wilmington, DE, USA), and the thickness of each cross-sectional specimen was confirmed with an Inspectors' Dial Bench Gauge (L.S. Starrett, Athol, MA, USA). Frontal sections of the proximal tibial metaphysis were cut at 5 µm thickness using a microtome (Leica RM2155; Leica Inc., 
Femoral bone area, BMC and BMD
The bone area, BMC and BMD of the whole right femur was determined by dual energy X-ray absorptiometry (DXA) using a Hologic QDR-2000 Plus (Hologic Inc., Bedford, MA, USA). The instrument was adapted for an ultra-resolution mode, with a line spacing of 0.0254 cm, resolution of 0.0127 cm, and collimation of 0.9 cm diameter. The bone was placed in a Petri dish, and to simulate soft-tissue density, tap water was poured around the bones to a depth of 1 cm. The BMC and bone area were measured, and the BMD of this area was calculated by dividing the BMC by the bone area. The coefficient of variation of these measurements at our laboratory was less than 1.0% [16] .
Bone histomorphometric analysis of the tibia
A digitizing morphometric system was used to measure bone histomorphometric parameters. The system consisted of an epifluorescence microscope (Nikon E-400, OsteoMetrics, Atlanta, GA, USA), an Osteomeasure High Resolution Color Subsystem (OsteoMetrics, Atlanta, GA, USA) coupled to an IBM computer, and a morphometry program (OsteoMetrics, Atlanta, GA, USA). The measured parameters for trabecular bone included total tissue volume (TV), bone volume (BV), bone surface (BS), eroded surface (ES), single-and double-labeled surfaces (sLS and dLS, respectively), and interlabel width. These data were used to calculate percent cancellous bone volume (BV/TV), ES/BS, bone formation rate (BFR)/BV, in accordance with the standard nomenclature proposed by Parfitt et al. [15] . In the present study, the region of trabecular bone measured was 1-4 mm distal to the lower margin of the growth plate in the proximal tibial metaphysis, which consists of secondary spongiosa. The measured parameters for cortical bone were total tissue area, cortical bone area, endocortical ES, and periosteal and endocortical BS, sLS, dLS and interlabel width. These data were used to calculate marrow area, percent cortical area, endocortical ES/BS, and periosteal and endocortical BFR/BS.
Statistical analysis
All the data were expressed as means and standard deviation (SD). Multiple comparisons of data among groups were performed by one-way analysis of variance (ANOVA) with Tukey's comparison test. Two-way factorial ANOVA was used to examine the effect of pre-and post-OVX treatment with risedronate and the interaction of pre-and post-OVX treatment with risedronate. All statistical analyses were performed using the Stat View J-5.0 program on a Macintosh computer. A significance level of P<0.05 was used for all the comparisons.
Results

Effects of OVX
Short-term experiment: 2 weeks after OVX, no significant changes in body weight, femoral bone area, BMC, or BMD were observed (Tables 1 and 2 ). Despite increased periosteal and endocortical BFR/BS and increased endocortical ES/BS, total tissue, cortical, marrow, and percent cortical areas of the tibial diaphysis did not change (Table 1 and Fig. 2 ). However, trabecular BV/TV of the proximal tibial metaphysis decreased as a result of increased BFR/BV and ES/BS (Figs. 2 and 3 ).
Long-term experiment: 6 weeks after OVX, body weight increased, and femoral BMD decreased as a result of combination of an increase in femoral bone area and a nonsignificant change in femoral BMC (Tables 2  and 3 ). Periosteal and endocortical BFR/BS and endocortical ES/BS were still increased, and these increases were associated with a decreased percent cortical area of the tibial diaphysis, without any alteration in total tissue, cortical, and marrow areas (Table 3 and Fig. 2 ). Trabecular BV/TV of the proximal tibial metaphysis markedly decreased as a result of a markedly increased BFR/BV and ES/BS (Figs. 2 and 3) .
Effects of pre-OVX treatment with risedronate and post-OVX treatment with reduced dosing frequency of risedronate
Short-term experiment: Both pre-and post-OVX treatments prevented an OVX-related increase in endocortical BFR/BS and ES/BS without any effect on periosteal BFR/BS, but they had no effect on total tissue, cortical, marrow, and percent cortical areas of the tibial diaphysis (Table 1 and Fig. 2 ). Pre-OVX treatment increased femoral BMD to above the values of the OVX and sham control groups, while post-OVX treatment increased femoral BMD to above the value of the OVX control group (Table 2) . Both pre-and post-OVX treatments prevented an OVX-related loss of trabecular BV/TV of the proximal tibial metaphysis, by attenuating an OVX-related increase in BFR/BV and ES/BS, and by attenuating an OVX-related increase in ES/BS and preventing an OVX-related increase in BFR/ BV, respectively (Figs. 2 and 3 ). The effect of the preand post-OVX treatments on trabecular BV/TV and ES/ BS of the proximal tibial metaphysis was similar (Figs.
and 3).
Long-term experiment: Pre-OVX treatment had no effect on periosteal and endocortical BFR/BS and endocortical ES/BS as well as on total tissue, cortical, marrow, and percent cortical areas of the tibial diaphysis (Table 3 and Fig. 2 ). Endocortical BFR/BS and ES/ BS in the pre-OVX treatment group were similar to those in the OVX control group (Table 3) . However, pre-OVX treatment attenuated an OVX-related decrease in femoral BMD (Table 2) . Post-OVX treatment prevented an OVX-related increase in endocortical BFR/ BS and ES/BS and enhanced an OVX-related increase in periosteal BFR/BS, but had not effect on total tissue, Two-way factorial ANOVA showed that the effect of Pre-and Post-OVX Tx on the femoral BMD was significant (P<0.001) in both the experiments. However, there was no significant interaction between Pre-OVX Tx and Post-OVX Tx in both the experiments, indicating that the effect of risedronate treatment on the femoral BMD before and after OVX was additive.
cortical, marrow, and percent cortical areas of the tibial diaphysis (Table 3 and Fig. 2 ). Both pre-OVX treatment and post-OVX treatment attenuated an OVX-related loss of trabecular BV/TV of the proximal tibial metaphysis, by attenuating an OVX-related increase in BFR/BV and preventing an OVX-related increase in BFR/BV and ES/BS, respectively (Figs. 2  and 3) . However, the effect of pre-OVX treatment on trabecular BV/TV and BFR/BV of the proximal tibial metaphysis was much less pronounced than that of post-OVX treatment (Figs. 2 and 3 ). ES/BS in the pre-OVX treatment group did not significantly differ from that of the OVX control group (Fig. 3) . Conversely, BFR/BV and ES/BS were significantly suppressed by post-OVX treatment (Fig. 3) .
Effects of continuous treatment (pre-plus post-OVX treatment) with risedronate
Short-term experiment: The effects of continuous treatment on cortical bone of the tibial diaphysis were quite similar to those of the pre-and post-OVX treatments (Table 1 and Fig. 2 ). However, two-way factorial ANOVA showed the additive effect of pre-and post-OVX treatments on trabecular BV/TV of the proximal tibial metaphysis and femoral BMD, resulting from a more marked effect of continuous treatment on BFR/ BV and ES/BS as compared with the pre-or post-OVX treatment.
Long-term experiment: The effects of continuous risedronate treatment on cortical bone of the tibial diaphysis were quite similar to those of the pre-and post-OVX treatments (Table 3 and Fig. 2) . However, two-way factorial ANOVA showed the additive effect of pre-and post-OVX treatments on trabecular BV/TV of the proximal tibial metaphysis and femoral BMD, despite the preventive effects of continuous treatment on BFR/BV and ES/BS, similar to that of post-OVX treatment, suggesting a diminished effect of long-term continuous treatment as compared with that of shortterm continuous treatment. 
Discussion
The present short-term and long-term experiments were conducted to differentiate the effects of pre-OVX treatment with risedronate and post-OVX treatment with a reduced dosing frequency of risedronate on trabecular bone loss in ovariectomized rats. The focus of the discussion is 1) whether pre-OVX treatment with risedronate or post-OVX treatment with a reduced dosing frequency of risedronate would be effective for preventing trabecular bone loss early (2 weeks) and late (6 weeks) after OVX; 2) whether a combination of both treatments in terms of continuous treatment would be more beneficial for trabecular bone loss than either single treatment; and also 3) the effects of these treatments on bone turnover on the endocortical bone surface, which is a remodeling envelope.
Risedronate is known to inhibit osteoclast-mediated bone resorption [6] . A couple of preclinical studies have reported on the efficacy of risedronate for trabecular bone loss using a rat model of postmenopausal osteoporosis: risedronate suppressed bone resorption and prevented trabecular bone loss in ovariectomized rats [5, 14] . In the present study, the effect of risedronate on the trabecular and endocortical bone was considered to be suppression of both bone resorption (ES/BS) and bone formation (trabecular BFR/BV and endocortical BFR/BS) in terms of suppression of bone turnover. However, the efficacy of pre-OVX treatment with risedronate on trabecular bone loss after OVX remains uncertain.
Both pre-and post-OVX treatments similarly prevented trabecular bone loss 2 weeks after OVX, suggesting the preventive effect of both pre-OVX treatment with risedronate and post-OVX treatment with a reduced dosing frequency of risedronate on early trabecular bone loss after OVX. One possible explanation for the short-term effect of the pre-OVX treatment with risedronate is that risedronate, which has a high affinity to bone [9, 13] , administered before OVX, might be retained in the bone and act on the osteoclasts after OVX. Stopping treatment with risedronate may not promptly reverse its benefit, because of the long residence time of risedronate in the bone. Another possibility is that pre-OVX treatment with risedronate might increase trabecular bone mass prior to OVX. Pre-and post-OVX treatments attenuated trabecular bone loss 6 weeks after OVX, with a less pronounced effect of pre-OVX treatment than that of post-OVX treatment. Because no suppression of bone resorption was observed in the pre-OVX treatment group, the benefit of pre-OVX treatment observed 2 weeks after OVX would be lost later. Conversely, because bone turnover was sufficiently suppressed by post-OVX treatment, the effect of post-OVX treatment would be maintained. Thus, although there seems to be a certain limitation of pre-OVX treatment with risedronate on trabecular bone loss late after OVX, post-OVX treatment with a low dosing frequency of risedronate was beneficial for attenuation of trabecular bone loss late after OVX. A couple of clinical studies conducted on postmenopausal women showed that lumbar BMD declined toward the baseline level during 2 years after cessation of 2 years of alendronate treatment, but that lumbar BMD was maintained during 5 years after cessation of 5 years of alendronate treatment [1, 17] , suggesting that long-term pre-OVX treatment with risedronate might be needed to maintain the benefit of risedronate in preventing trabecular bone loss after OVX. Continuous treatment (pre-plus post-OVX treatment) effectively increased trabecular bone mass to beyond the value of the sham control group 2 weeks after OVX. However, continuous treatment attenuated trabecular bone loss 6 weeks after OVX despite sufficiently suppressing bone turnover, probably because of the insufficient dosing of risedronate during the 6 weeks after OVX. In fact, high dose risedronate treatment in OVX rats is able to prevent trabecular bone loss [5, 14] . Although the effect of continuous treatment on trabecular bone mass was diminished 6 weeks after OVX, two-way factorial ANOVA showed that pre-and post-OVX treatments had an additive effect on trabecular bone mass in both the short-and long-term experiments. Thus, continuous treatment might be needed to maintain the benefit of pre-OVX treatment with risedronate, even though the dosing frequency was reduced. The results suggest that treatment with risedronate before OVX had an additive effect in increasing trabecular bone mass with the treatment after OVX. Furthermore, the benefit of continuous treatment with risedronate was demonstrated at least in the suppression of an increase in bone turnover early and late after OVX.
No treatment affected cortical bone mass despite the suppression of endocortical bone resorption by any risedronate treatment other than pretreatment with risedronate in the long-term experiment. The alteration in endocortical bone turnover by any risedronate treatment was almost similar to that on the trabecular surface, probably because both surfaces are remodeling envelopes. Because endocortical BFR/BV and ES/BS in the pre-OVX treatment group were similar to those in the OVX control group, the endocortical bone would be lost later. Long-term post-OVX and continuous treatments enhanced OVX-related periosteal bone formation, suggesting that risedronate might enhance cortical expansion after OVX. The mechanism remains uncertain, because risedronate has an antiresorptive effect on the bone. Long-term post-OVX treatment as well as continuous treatment with risedronate might cause secondary hyperparathyroidism in response to the reduction in serum calcium levels by risedronate treatment, resulting in an anabolic effect on the periosteal bone [2] .
In conclusion, the present study showed the efficacy of pre-surgery treatment with risedronate or post-surgery treatment with a low dosing frequency of risedronate for preventing trabecular bone loss early after OVX. Post-surgery treatment with a low frequency of risedronate was beneficial for attenuation of trabecular bone loss and suppression of bone turnover late after OVX. There seemed to be a certain limitation of pre-OVX treatment in prevention of trabecular bone loss and increase in bone turnover late after OVX. Treatment with risedronate before OVX had an additive effect in the increase of trabecular bone mass with the treatment after OVX according to the results of two-way factorial ANOVA, suggesting that treatment with a low dosing frequency of risedronate might be acceptable for reducing OVX-induced trabecular bone loss after treatment with risedronate prior to OVX.
